Papillomaviruses are a family of nonenveloped DNA tumor viruses. Some sexually transmitted human papillomavirus (HPV) types, including HPV type 16 (HPV16), cause cancer of the uterine cervix. Papillomaviruses encode two capsid proteins, L1 and L2. The major capsid protein, L1, can assemble spontaneously into a 72-pentamer icosahedral structure that closely resembles native virions. Although the minor capsid protein, L2, is not required for capsid formation, it is thought to participate in encapsidation of the viral genome and plays a number of essential roles in the viral infectious entry pathway. The abundance of L2 and its arrangement within the virion remain unclear. To address these questions, we developed methods for serial propagation of infectious HPV16 capsids (pseudoviruses) in cultured human cell lines. Biochemical analysis of capsid preparations produced using various methods showed that up to 72 molecules of L2 can be incorporated per capsid. Cryoelectron microscopy and image reconstruction analysis of purified capsids revealed an icosahedrally ordered L2-specific density beneath the axial lumen of each L1 capsomer. The relatively close proximity of these L2 density buttons to one another raised the possibility of homotypic L2 interactions within assembled virions. The concept that the N and C termini of neighboring L2 molecules can be closely apposed within the capsid was supported using bimolecular fluorescence complementation or "split GFP" technology. This structural information should facilitate investigation of L2 function during the assembly and entry phases of the papillomavirus life cycle.
Papillomaviruses are a family of structurally similar nonenveloped DNA viruses that infect stratified squamous epithelial tissues, such as the skin or mucous membranes, of humans and various animal species (reviewed in reference (17) . A group of roughly 30 sexually transmitted human papillomavirus (HPV) types tend to infect the skin or the mucosal surfaces of the genitals. Although most genital HPV infections are clinically inapparent and self-limiting, persistent infection with oncogenic HPV types, such as HPV16, can lead to the development of cervical cancer or other anogenital cancers (reviewed in reference 47).
The papillomavirus major capsid protein L1 can spontaneously self-assemble into 72-pentamer virus-like particles (VLPs) that closely resemble the native Tϭ7 icosahedral structure of papillomavirus virions (29) . The structure of a truncated Tϭ1 12-pentamer L1 VLP has been solved at 3.5-Å resolution (9, 35) . Naturally produced authentic papillomavirus virions also contain a minor capsid protein, L2 (20) . Although L2 is dispensable for capsid formation, it has been implicated in encapsidation of the 8-kb circular doublestranded DNA viral genome (25, 54) . L2 has also been shown to participate in multiple steps during papillomavirus entry into host cells. Proposed roles for L2 include the induction of conformational changes in cell-bound virions, disruption of endosomal membranes, and the subcellular trafficking of the incoming viral genome (3, 15, 22, 28, 41, 53) .
The amino-terminal third of L2 contains sequences that are highly conserved between distantly related human and animal papillomavirus types. In contrast to the HPV type-restricted character of anti-L1 neutralizing antibodies, some antibodies targeting amino-terminal portions of L2 can cross-neutralize a broad range of human and animal papillomavirus types (19, 23, 39, 40, 45) . Thus, L2 is a candidate target antigen for the development of broadly protective prophylactic HPV vaccines.
Because the papillomavirus life cycle is closely linked to the differentiation of cells within stratified squamous epithelia, it has not been possible to produce large amounts of authentic papillomavirus virions in cell culture. This is particularly true of cancer-associated genital mucosotropic HPVs (such as HPV16), which tend to produce relatively few virions (19, 34) . It has therefore been difficult to systematically determine the number and arrangement of L2 in papillomavirus virions, especially those of genital HPVs.
Most current literature reflects the widespread view that typical HPV virions probably contain about 12 molecules of L2. Support for this belief comes primarily from studies of recombinant L1ϩL2 VLPs (44, 49) . Despite the general consensus, a careful review of the literature reveals several seemingly forgotten early studies of naturally produced HPV virions in which L2 occupancy varied substantially between different virion preparations but in some instances averaged 30 or perhaps more molecules of L2 per virion (37, 38, 42) . Furthermore, one recent study has reported baculovirus-based production of VLPs carrying an average of 80 molecules of L2 per VLP (50) . The concept that virions might accommodate more than 12 molecules of L2 is also consistent with the observation that recombinant L1 capsomers can associate with L2 at a 5:1 stoichiometry, implying the potential existence of up to 72 L2 binding sites in an assembled virion (21) .
Recently our group has developed high-yield methods for producing infectious L1ϩL2 capsids (pseudoviruses) in cultured mammalian cells (4, 7) . In this report, we have developed a system for serial propagation of HPV16 pseudoviruses, allowing production of concentrated capsid preparations. We used this novel system to demonstrate that intracellularly assembled pseudovirions can accommodate up to 72 molecules of L2. Using cryoelectron microscopy (cryo-EM) and difference imaging, we have visualized an icosahedrally ordered portion of L2 within intact L1ϩL2 capsids. This information should be useful for developing a more-detailed understanding of the biology of L2.
MATERIALS AND METHODS
Cell culture. 293TT cells (4) were maintained in Dulbecco's modified Eagle medium (DMEM) (Invitrogen) supplemented with 10% 56°C heat-inactivated fetal calf serum (HyClone), nonessential amino acid mixture, Glutamax-I (Invitrogen), and 400 g/ml hygromycin (Roche) (DMEM-10). Cells were transfected using Lipofectamine 2000 according to the manufacturer's instructions. TT-16L2 cells, which carry a stably integrated HPV16 L2 expression plasmid (p16L2P), were maintained in DMEM-10 supplemented with 0.6 g/ml puromycin (Clontech).
Capsid production. Detailed technical protocols and nucleotide maps of plasmids used in this work are available at our laboratory website (http://home.ccr .cancer.gov/Lco/) and in references 5 and 6.
For experiments investigating the association of L2 with L1, capsids were produced by transiently transfecting 75-cm 2 flasks of 293TT cells with the plasmids shown at the top of Fig. 1 . Lysates were clarified and purified using a previously reported 27-33-39% iodixanol (Optiprep) step gradient method (5) . Trypsin (Invitrogen) digestion was performed by spiking capsid samples with trypsin at a final concentration of 125 g/ml, followed by a 10-min incubation at 37°C.
Quantitation of the L2 content of capsid stocks was performed by comparing the intensity of L1 and L2 bands in stained NuPage (Invitrogen) gels using a ChemiImager 4400 (Alpha Innotech) imaging device. Gels were stained with the Microwave Blue colloidal Coomassie stain (Protiga) or Sypro Ruby (Molecular Probes) according to the manufacturer's instructions. L1-only capsids used for cryo-EM analysis were generated by transfecting four 150-cm 2 flasks of 293TT cells with p16L1-GFP (7) using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Cells were harvested 48 h after transfection.
Viral seed stocks for production of L1ϩL2 capsids were generated by cotransfecting 293TT cells with an equal mixture of p16L1L2 and p16L2w. Forty-eight hours after transfection, the cells were suspended at 10 8 cells/ml in Dulbecco's phosphate-buffered saline (Invitrogen) supplemented with 0.4% Brij58 (Sigma) and a nuclease cocktail (4) . The resulting cell lysates were incubated at 37°C overnight to allow capsid maturation (7) . After overnight incubation, the lysates were adjusted to 850 mM NaCl and clarified by centrifugation for 10 min at 5,000 ϫ g. Thirty microliters of the resulting seed stock was used to infect a 150-cm 2 flask of TT-16L2 cells preplated overnight at a density of 1.5 ϫ 10 7 cells per flask. Infected cells were harvested 52 h after infection.
Transfected or infected capsid-producing cells were harvested as described for production of seed stocks (above). Capsids were purified out of clarified cell lysates over Optiprep gradients. Gradient fractions were screened for capsid protein and histone content using NuPage 4 to 12% gradient gels (Invitrogen) stained with Microwave Blue. For the L1-only capsids, pooled step-gradient fractions were further concentrated by equilibrium ultracentrifugation in 30% Optiprep for 4 h at 340,000 ϫ g in an NVT65 near-vertical rotor. A single peak capsid-containing gradient fraction was exchanged into Dulbecco's phosphatebuffered saline containing a total of 0.5 M NaCl by gel filtration chromatography (6) . The samples were stored briefly on ice and diluted with water for cryo-EM analysis.
Cryo-EM analysis. Samples (3 l each) were applied dropwise to grids coated with holey carbon films and then incubated for 1 min, blotted, rapidly frozen in liquid ethane, and imaged in a CM200-FEG electron microscope (FEI) at 120 keV with a 626 cryo-holder (Gatan). Grids were surveyed at low magnification using a charge-coupled-device camera, and micrographs were recorded on film, using low-dose procedures and at magnification ϫ38,000 (11) .
Negatives were scanned with an SCAI scanner (Z/I Imaging, Huntsville, AL) and binned twofold to give 3.68 Å/pixel. Each micrograph typically contained 50 to 200 usable particle images. Particles were extracted using the X3DPreprocess software program (13) . Defocus values ranged from 0.7 to 1.2 mm, placing the first contrast transfer function zeros between 16Å
Ϫ1 and 20Å Ϫ1 . Orientations were determined and refined by the PFT software program, and three-dimensional (3D) reconstructions were calculated by the EM3DR software program FIG. 1. L2 is integrally associated with L1. Cells were transfected with the plasmid shown at the top of the figure. After 48 h, the cells were lysed and capsids were allowed to mature in crude lysate (except in lanes marked "immature"). Capsids were then purified using iodixanol gradients. For immature capsids, this procedure results in a loss of encapsidated DNA and associated histone proteins. In some instances, purified capsid preparations were treated briefly with trypsin. The capsids were separated by SDS-PAGE and visualized with Sypro Ruby fluorescent protein staining.
(1). 3D density maps were rendered at 100% of expected mass after removal of blobs of mass not connected to the capsid shell with the UNBLOB software program (13) . Scaling of the L1-only maps to the L1ϩL2 maps was fine-tuned via their one-dimensional radial averages.
A 3D reconstruction (3DR) of L1-only capsids was computed from 530 images out of a total of 1,950 images extracted from 18 micrographs, with a resolution of 25.1 Å (Fourier shell correlation ϭ 0.3). Analysis of L1ϩL2 capsids was based on 722 images out of a total of 4,858 images extracted from 24 micrographs, with a resolution of 22.7 Å (Fourier shell correlation ϭ 0.3).
BiFC. Enhanced yellow fluorescent protein (YFP) (BD-Clontech) was mutated (F643L; numbering is with respect to wild-type green fluorescent protein) and dissected at E172/D173 into N-and C-terminal fragments according to a strategy presented in a patent application (51) . The YFP fragments were fused to the C terminus of L2 (constructs pL2-NYFP and pL2-CYFP) with an LGGTGSG linker peptide. In separate constructs, YFP fragments were fused to the N terminus of L2 (constructs pNYFP-L2 and CYFP-L2) with a GSGGTRAT linker peptide. Capsids were produced by cotransfecting pairs of L2 bimolecular fluorescence complementation (BiFC) plasmids together with an L1 expression plasmid (pOhuL) into 293TT cells. Capsids were harvested and purified as described above. The presence of the YFP fusion partners did not grossly affect the L1 capsid yield or L2 incorporation levels relative to those of wild-type L2 (data not shown).
Fluorescence of purified BiFC capsid preparations or transfected HeLa cells was measured in black 96-well plates (Nunc) using a Spectramax Gemini XPS (Molecular Devices) plate fluorometer with excitation and emission set at 488 and 527 nm, respectively, and a cutoff of 515 nm.
RESULTS

Analysis of L2 incorporation into pseudovirions.
Methods for production of HPV pseudovirions using human embryonic kidney 293TT cells are now well established (6) . In the course of purifying pseudovirions for other studies, we noticed that the ratio of L1 to L2 often appeared to be substantially lower than 30:1. In other words, a variety of different pseudovirion preparations appeared to have more than the widely presumed average of 12 molecules of L2 per capsid.
One possible explanation for the appearance of additional L2 might be copurification of free L2 along with L1 capsids. We utilized two approaches to verify that the L2 in purified capsid preparations is integrally associated with L1. First, when 293TT cells were transfected with an L2 expression plasmid (p16L2w) alone and lysates were subjected to ultracentrifugation over Optiprep step gradients, L2 did not migrate to gradient fractions containing L1 only or L1ϩL2 capsids (Fig. 1) . Second, we determined that a substantial fraction of L2 in purified mature capsids was resistant to proteolytic digestion with trypsin while L2 (and L1) in purified immature capsids was highly susceptible to trypsin, consistent with the disrupted configuration of immature capsids after ultracentrifugation ( Fig. 1) (5) . These results show that the presence of L2 in purified capsid stocks is due to its integral association with L1 capsids.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of purified capsids produced by transfecting 293TT cells with p16L1L2 revealed an L1:L2 molar ratio of about 10:1 (unpublished result available on our laboratory website [http://home.ccr.cancer.gov/Lco/L2CryoSupp .htm]). In four independent p16L1L2-based capsid preparations, L1:L2 ratio estimates ranged from about 9:1 to 11:1. The results imply an average of about 36 molecules of L2 per capsid.
Improvement of capsid yield. We have previously speculated that single L2 molecules might be arranged in association with each of the 12 pentavalent (vertex) L1 capsomers (48) . The apparent presence of an average of 36 molecules of L2 per capsid was inconsistent with this prediction and suggested the possibility that L2 might occupy other areas within the capsid. To address this question, we set out to perform cryo-EM difference imaging to localize L2 within the virion. Localization of L2 using cryo-EM difference imaging requires computational subtraction of 3D reconstructions of L1-only capsids from 3D reconstructions of L1ϩL2 capsids. To begin these analyses, we produced L1-only capsids by transient transfection of 293TT cells. The capsids were allowed to mature, purified using iodixanol (Optiprep) gradients, and then subjected to cryo-EM analysis. Although the resulting L1-only capsids were sufficiently uniform to perform 3D reconstructions (see below), the low concentration of capsids in the samples made the analysis arduous.
To increase the yield of L1ϩL2 capsids, we developed a system for viral propagation of the p16L1L2 plasmid. Since p16L1L2 carries the simian virus 40 (SV40) origin of replication, the plasmid replicates in 293TT cells, which express high levels of the SV40 T antigen. Because p16L1L2 is under 8 kb in size, it can be efficiently packaged into infectious L1ϩL2 pseudovirions. This allows production of an initial viral "seed" stock by self-packaging of p16L1L2 in transiently transfected 293TT cells. When seed stocks were used to infect fresh 293TT cells, high yields of L1ϩL2 particles were recovered 72 h postinfection. Typically, 10 7 293TT cells infected with 15 l of crude seed stock (containing several g of capsids) ultimately yielded several milligrams of purified capsids.
Production of capsids with increased L2 content. Given the possible existence of 72 L2 binding sites within the capsid, we reasoned that capsid preparations containing an average of 36 copies of L2 per capsid might be submaximally occupied with L2. In p16L1L2, the L1 expression cassette is transcribed under the control of a recombinant human elongation factor 1 alpha (EF1␣) promoter while L2 is under the control of the SV40 early promoter. In general, expression of proteins from the SV40 promoter is less efficient than expression from the EF1␣ promoter in 293TT cells (unpublished observation), perhaps due in part to the fact that the SV40 T antigen can exert negative regulatory effects on transcription from the SV40 early promoter (12) . To test the hypothesis that the incorporation of L2 into p16L1L2-produced capsids was limited by L2 expression levels, we performed transient-cotransfection experiments in which p16L1L2 was transiently cotransfected with a 6.1-kb plasmid expressing HPV16 L2 under the control of the EF1␣ promoter (p16L2w). Cotransfection of the two plasmids resulted in increased L2 content in purified capsids (data not shown). Capsids generated by copropagation of a p16L1L2 and p16L2w viral "swarm" also displayed greater levels of L2 incorporation. This increase is presumably attributable to both plasmids being individually encapsidated to produce infectious pseudovirions that then coinfect the 293TT cells in the secondround production.
A second successful strategy for increasing the L2 content of capsids was to harvest infected 293TT cells 48 to 56 h after infection with the L1ϩL2 seed stock. A third successful strategy was to perform the capsid production in 293TT cells engineered to stably express L2. When all three strategies were employed simultaneously in pilot experiments, it was possible to generate capsid preparations with an average of 72 molecules of L2 per capsid (Fig. 2) .
Cryo-EM difference imaging of L1-only and L1؉L2 capsids. A scaled-up preparation of capsids with an average of 60 molecules of L2 per capsid (Fig. 3 ) was subjected to cryo-EM difference comparison to L1-only capsids. The cryo-EM analysis was complicated by the presence of subsets of larger, less-ordered capsids within both the L1ϩL2 and L1-only capsid preparations. Although the capsid preparations were allowed to mature overnight, we speculated that the larger cap- Visual comparison of raw cryo-EM micrographs of L1-only capsids to those of L1ϩL2 capsids showed no obvious difference due to the presence of L2 (unpublished result shown on our laboratory website [http://home.ccr.cancer.gov/Lco /L2CryoSupp.htm]). Comparison of planar sections of L1-only capsids (Fig. 4a) versus those of L1ϩL2 capsids (Fig. 4b) shows additional density at the base of each capsomer lumen in the L1ϩL2 capsids (red asterisk in panel b). Although there are no obvious differences in the exterior views of the L1-only and L1ϩL2 reconstructions (Fig. 4c and d, respectively) , an interior view also shows additional, L2-specific density around the base of each capsomer lumen (compare Fig. 4c and d) . The L2-specific difference density (in red) is shown superimposed on the L1-only reconstruction (blue) in Fig. 4g and is also shown alone in panel h.
The estimated mass of each L2-specific density button is roughly 12 kDa, suggesting that it represents only about a quarter of the volume predicted to be occupied by the entire 50-kDa L2 protein. Furthermore, estimates based on comparison of the average protein density inside the button to the protein density in the capsid shell revealed that the occupancy of the L2 button was about 65%. A cryo-EM difference comparison of L1-only capsids to capsids containing an average of 36 copies of L2 per capsid revealed an identical pattern of L2-specific density buttons in which each button was about 50% occupied (unpublished result displayed on our laboratory website [http://home.ccr.cancer.gov/Lco/L2CryoSupp.htm]). The results support the concept that up to 72 L2 molecules can be randomly permuted among 72 binding sites within the capsid lumen.
Bimolecular fluorescence analysis of L2 arrangement. The observation that L2 can occupy binding sites in adjacent capsomers raises the possibility that neighboring L2 molecules might contact one another. Low-threshold difference comparisons of the more fully occupied L1ϩL2 capsids to L1-only capsids showed filaments of L2-specific density extending beneath the floor of the capsid (Fig. 4 ; also data not shown). The filaments were poorly occupied and became less prominent as the models were refined and could have been artifactual. However, the initial observation of L2-specific filaments in early difference images served to reinforce the hypothesis that neighboring L2 molecules might contact one another.
To further investigate the hypothesis that neighboring L2 molecules might contact one another within the capsid lumen, we made use of the fact that L2 can accommodate genetic fusion to other proteins, such as green fluorescent protein, without compromising infectivity (8, 15) . This permitted the use of a technique known as BiFC, in which a fluorescent protein, such as enhanced YFP, is genetically split into two halves, which, when closely apposed, can associate to allow formation of the YFP fluorochrome (26, 51) . N-terminal and complementary C-terminal fragments of YFP were genetically fused to the N or C terminus of L2 in four separate constructs. When pairs of L2 fusion constructs were cotransfected into 293TT cells with an HPV16 L1 expression plasmid, the resulting capsids exhibited various degrees of fluorescence, indicating BiFC of neighboring L2-YFP fusion proteins (Fig. 5) . The results indicate that the N and C termini of neighboring L2 molecules can be closely apposed within the capsid.
BiFC was much less evident when various L2-YFP fusion constructs were transfected into cells in the absence of an L1 construct. Thus, the close apposition of the termini of neighboring L2 molecules observed in purified capsids appears to be an arrangement that is forced upon L2 during capsid assembly.
DISCUSSION
While much the fine structure of L1 is well characterized (9, 35) , analysis of the arrangement of L2 within the capsid has been complicated by a variety of factors. A major complication has been the significant uncertainty about how many molecules of L2 can be incorporated into the capsid. VLP studies have the inherent ambiguity that such particles are not infectious, while pseudoviruses and authentic virions both circumvent this problem. Our data show that capsids in highly infectious pseudovirus preparations can accommodate up to 72 molecules of L2. Given the appearance of an L2-specific density button beneath each of the 72 L1 capsomers, it is likely that this represents a maximum L2 occupancy. In capsids with lower L2 occupancy, our data indicate that L2 molecules are, on average, randomly distributed among 72 binding sites.
L2 is required for production of fully infectious HPV virions and pseudovirions, and the infectivity of both types of virion can be neutralized by a similar spectrum of L2-specific antibodies (7, 19, 25, 40) . Furthermore, the L2 occupancy levels we have observed in pseudoviruses are comparable to L2 occupancy levels observed in various preparations of authentic papillomavirus virions (37, 38, 42) . Thus, it seems likely that naturally produced papillomavirus virions and the pseudoviruses we have studied in this report carry L2 in a similar configuration.
The implications of these findings for viral infectivity are not yet clear. We have observed that in general, pseudovirus stocks with low average numbers of L2 molecules are less infectious than those with higher average levels of L2 (unpublished result). However, the precise relationship between the number of L2 molecules in a given virion and the efficiency of its infectivity remains to be determined.
Our results suggest the possibility that L2 may be radially permuted relative to the L1 capsomer axis. This model for the organization of L2 is strikingly similar to the arrangement of the polyomavirus minor capsid proteins, VP2 and VP3, relative to the major capsid protein, VP1 (10, 32) . Although the similar external appearances of the capsids of polyomaviruses (including SV40) and papillomaviruses initially led to their phylogenetic classification within a single family, Papovaviridae, the uncovering of major differences in the genetic organization of the two virus groups eventually led the International Committee on the Taxonomy of Viruses to conclude that the two families never shared a common viral ancestor (discussed in reference 16). However, this judgment has recently been called into question by the discovery of a chimeric polyomavirus/ papillomavirus occurring naturally in an Australian marsupial (52) . Furthermore, the view that polyomaviruses and papillomaviruses never shared a common viral ancestor doesn't preclude the possibility of shared genetic components in the early histories of the two virus families. For example, it seems likely that both virus families originated when an episomal genetic element fortuitously captured a cellular gene that facilitated intercellular transmission of the episome. One class of proteins that might theoretically serve as a protocapsid is embodied by the cellular chromatin chaperone nucleoplasmin, a pentameric protein whose core fold closely resembles that of the polyomavirus and papillomavirus major capsid proteins (9, 18, 32) . In this scenario, the cellular precursor of the minor capsid proteins would presumably have been captured in a second recombination event. Thus, even if the polyomaviridae and papillomaviridae never shared a common viral ancestor, it seems possible that the similar structural interrelationship of their minor and major capsid proteins reflects a similar series of gene-capture events occurring during the early histories of the two virus families.
L2 is thought to have at least two L1 interaction domains, including a well-characterized hydrophobic interaction domain toward the carboxy end of L2 and a less well understood L1 interaction domain in the amino half of L2 (21, 36, 46) . Although it is not clear which of these interaction domains (if either) might be represented in the icosahedrally ordered portion of L2 detected in our cryo-EM studies, it is interesting to note that the polyomavirus minor capsid proteins interact with the axial lumen of VP1 capsomers through a strong hydrophobic interaction (2, 10) .
It is thought that a small portion of L2 is exposed on the surface of mature capsids (24, 31, 33) . However, surface-exposed L2 density was not detected in our cryo-EM difference images. It is possible that surface-exposed portions of L2 might be relatively disordered, might occupy a volume too small to be detected at the resolutions we have achieved, or might have too low an occupancy to be detectable in an icosahedrally averaged structure.
It has previously been shown that L2 can facilitate the assembly of purified L1 capsomers into particles (21, 27, 30) . Our BiFC studies suggest that both the N and C termini of L2 can be closely apposed within the capsid, consistent with the concept that L2 might form a subnetwork of contacts within the capsid. The relative lack of BiFC effects in transfected cells suggests a model in which the termini of L2 molecules are actively drawn together during capsid morphogenesis.
It has recently been shown that during infectious entry, a motif near the N terminus of L2 must be cleaved by the cellular protease furin (41) . However, the furin cleavage motif is inaccessible in mature capsid preparations. Likewise, epitope tags fused to the N or C termini of L2 remain inaccessible to antibody binding until many hours after initial capsid interaction with cells (15) . A membrane-destabilizing motif near the C terminus of L2 is also thought to become exposed only after internalization of the virion into an endosomal compartment (28) . Taken together, the data strongly suggest that during cell entry, conformational changes in the capsid allow extrusion of L2 terminal domains. Given the possibility of inter-L2 contacts within the capsid, it seems possible that these extrusion events are coordinated between neighboring L2 molecules.
Analysis of the relative abundance and arrangement of L2 was facilitated by our development of replication-competent synthetic papillomaviruses. Since propagation of synthetic papillomaviruses allows for inexpensive, high-yield production of capsids, this method may be useful for future structural studies, such as X-ray analysis of crystallized papillomavirus capsids. Since reporter plasmids can be copropagated alongside the L1/L2 expression plasmid, the method may also be useful for reducing the potential expense of large-scale production of HPV pseudoviruses. With additional safety modifications, such as copropagation of separate L1 and L2 plasmids and construction of cell lines carrying less-oncogenic T-antigen mutants (14) , such propagated pseudoviruses might be suitable for use as gene transfer vectors in vivo (6, 43) .
